We study the effect of interface resistance on the spin injection and detection efficiency in Cu/MgO/permalloy (Py) lateral spin valve devices. Insertion of the MgO layer enhances the spin accumulation by a factor of ten at 10 K: the maximum value is 10 m at the interface resistance of 1:7 Â 10 À1 (m)
I
n recent years, spintronics has become one of the crucial research fields in terms of both fundamental physics and its applications. 1, 2) Since such spintronic devices rely on spin-dependent transports, efficient spin injection, detection, and manipulation are key issues for future development. In lateral spin valve structures where two ferromagnets (F's) are arranged laterally and bridged by a nonmagnetic metal (N), spin-polarized electrons are injected from one of the F's into N. In this process, nonequilibrium spin accumulation is generated within a finite length, so-called spin diffusion length, in the N side. The nonequilibrium spin accumulation can be detected as a voltage by using another F and the detected voltage depends on the magnetization of the two F's, i.e., parallel or anti-parallel state. As the spin accumulation corresponds to a local magnetic field, it could be used to induce some magnetic orders locally. It is thus of great importance to obtain as large a spin accumulation as possible from the viewpoint of applications.
Since the first experiment on the spin injection and detection in bulk aluminum by Johnson and Silsbee, 3) a number of groups have demonstrated the spin valve effects, using the lateral spin valve structure. [4] [5] [6] [7] [8] [9] [10] [11] However, most of the spin accumulation voltages reported in previous studies are on the order of 1 V even at low temperatures, which is not sufficient to induce some exotic physical phenomena and also to apply it to some devices for practical use. One of the reasons for the previously reported small spin accumulation signal is the impedance mismatch between F and N. The spins in F are generally relaxed much faster than those in N. There are two ways to overcome the mismatch: one is to reduce the effective area of F for spin relaxation, 12) and the other is to insert the interface resistance in between F and N. 13) In the former case, Yang et al. 12) succeeded in enhancing the spin accumulation signal by a factor of ten by fabricating permalloy (Py) nanopillars. This technique is, however, too complicated and it is not easy to fabricate a good nanopillar. A similar enhancement has been achieved by Fukuma et al. 13) by inserting a MgO insulating layer in between Ag and Py. In their case, the spin accumulation signal is enhanced by a factor of six compared with their Ohmic junction device.
In this paper, we report on large spin accumulation signals induced in the Cu/MgO/Py lateral spin valve structure. By optimizing the interface resistance of the MgO layer
, we demonstrate more than ten times larger spin accumulation signals compared with devices without the MgO layer, i.e., with the Ohmic junction. The maximum spin accumulation voltage becomes about 10 V at 10 K. From the spin accumulation signals as a function of distance (d) between the two Py wires, we obtain the spin diffusion length of Cu ( N ) as 1.3 m and the spin polarization (P F ) of Py as 0.26 at 10 K. This spin diffusion length is about two times larger than that of Ag reported in ref. 13 . Using the two values (i.e., N ¼ 1:3 m and P F ¼ 0:26), we can also explain the R I dependence of the spin accumulation signal up to R I ¼ 3:0 Â 10 À1 (m) 2 . When we increase R I more than 3:0 Â 10 À1 (m) 2 , the spin accumulation signal exponentially decreases. This is due to the large reduction of the spin polarization in the thicker MgO layer.
Our spin valve devices consist of a parallel pair of 100-nm-wide and 20-nm-thick Py (Ni 81 /Fe 19 ) wires bridged by a 200-nm-wide and 100-nm-thick Cu wire (see Fig. 1 ). One of the two Py wires has a large square pad at its edge (not shown in Fig. 1 ) in order to induce the difference between the two switching fields. All the devices shown here are fabricated using the shadow evaporation technique which enables us to control R I between Cu and Py from a very clean Ohmic junction to a highly resistive junction with the
Py2 MgO layer. The devices are patterned using electron beam lithography onto a thermally oxidized silicon substrate coated with a shadow mask. The shadow mask is composed of a poly(methyl methacrylate) (PMMA)/methyl methacrylate (MMA) bilayer resist. The difference in the sensitivity of the two resists for the electron beam allows us to obtain the large undercut structure after development. A pair of Py wires is first deposited with an angle of 30 onto the silicon substrate using an electron beam evaporator under a base pressure of 10 À9 Torr. Subsequently, the MgO layer is sputtered at normal incidence in an Ar atmosphere of 1:4 Â 10 À1 Pa using the conventional RF sputtering technique. The sputtering power is kept at 20 W for all the samples (except for Ohmic junction devices). The interface resistance R I is modulated by changing the sputtering time. After the MgO sputtering, a Cu strip is deposited normal to the substrate. All the deposition steps have been performed without breaking the vacuum. We made several types of sample with different distances between the F wires: 300, 400, 500, 700, and 900 nm. The spin accumulation signals in this work are measured with the nonlocal spin valve (NLSV) configuration as detailed in the next paragraph. The measurements have been carried out using an ac lock-in amplifier and a He flow cryostat. For all the measurements, the ac current is fixed to 90 A (except for measurements to obtain the maximum spin accumulation voltage) and the magnetic field is applied along the easy axis of the Py wires.
In our experiments, we inject spin-polarized currents from one of the Py wires (Py1) to the Cu wire, as shown in Fig. 1 . Since the chemical potentials for spin-up and down electrons should be continuous at the interface between Py and Cu, the nonequilibrium state is generated at the Cu side. When another Py wire (Py2) is located within N , a finite nonlocal voltage between Py2 and Cu can be detected depending on the two magnetizations of the Py wires, i.e., a positive value for the parallel state and a negative value for the anti-parallel state. The spin accumulation voltage normalized by the injection current I is expressed as follows: 14) ÁR
where
I Þ are the spin resistances of Cu (nonmagnetic), Py (ferromagnetic), and MgO (insulating) layers, respectively. P I stands for the spin polarization of the MgO layer. X is the resistivity, t X is the thickness, and w X is the width of material X (N or F).
We first show typical NLSV signals with [R I ¼ 1:7 Â 10 À1 (m) 2 ] and without the MgO layer at T ¼ 10 K and d ¼ 300 nm in Fig. 2 . It is obvious that the spin accumulation signal is enhanced by a factor of ten by inserting the MgO layer. Our largest spin accumulation resistance reaches 10 m, which is comparable to that obtained in Ag/MgO/ Py spin valves. 13) We have also investigated the maximum spin accumulation voltage of this sample by modulating the bias current, and it reaches about 10 V at 10 K when I ' 1:3 mA.
The difference between our Cu/MgO/Py spin valve devices and the Ag/MgO/Py ones in ref. 13 is the spin diffusion length of N as detailed below. In order to estimate the spin diffusion length of Cu, we plot the NLSV signals without the MgO layer as a function of d in Fig. 3 . By fitting the data with eq. (1), we obtain P F ¼ 0:26, N ¼ 1:3 m, and F ¼ 5 nm at 10 K. 15) While an early work 16) reported a significantly longer spin diffusion length for Ag, we note that the analysis of that data may be hampered by not accounting properly for interfacial resistance, e.g., due to inadvertent oxidation at the interface. 17) Compared with more recent work in ref. 13 , which avoided complications related to oxidation, the spin diffusion length reported here for Cu is about two times larger than that for Ag. A longer spin diffusion length of N is more advantageous for applications.
Next, we discuss the R I dependence of the spin accumulation signal. In Fig. 4 , we show the NLSV signals with d ¼ 300, 500, and 700 nm as a function of R I measured at 10 K and room temperature. With increasing R I up to 3:0 Â 10 À1 (m) 2 , the NLSV signal increases almost linearly and reaches 10 m for d ¼ 300 nm, as shown in Fig. 2 . This behavior can be explained well by eq. (1) with a constant P I of 0.11 (see solid lines in Fig. 4) . What we would stress here is that exactly the same parameters as shown in Fig. 3 (for example P F ¼ 0:26 and N ¼ 1:3 m at 10 K) are used for the solid lines in Fig. 4 .
When we increase R I above 3:0 Â 10 À1 (m) 2 , on the other hand, the NLSV signal decreases exponentially both at 10 K and room temperature. This sudden drop cannot be described by eq. (1) anymore. In order to explain such behavior in the higher R I regime, we use the spin-dependent two-channel resistance circuit model. 18) We assume that the spin polarization of the insulating layer is constant (P I0 ) until R I ¼ R is about 1 nm. Once the insulating layer becomes thicker than $1 nm, it works as an ''obstacle'' to coherent spin transport and promotes the spin relaxation in the interface layer. As a result, P I decreases with increasing R I above R max I . Under this assumption, the spin-dependent interface resistance is explicitly written as follows: when R I < R max I , R I" ¼ R I = ð1 þ P I0 Þ and R I# ¼ R I =ð1 À P I0 Þ, and when R I > R max I , the spin-dependent interface resistance consists of the spin-dependent part and the spin-independent part, i.e.,
Thus for R I > R max I , P I can be written as
By substituting eq. (2) into eq. (1) and using P I0 ¼ 0:11 and R max I ¼ 3:0 Â 10 À1 (m) 2 , we obtain the broken lines in Fig. 4 . The theoretical curves are in good agreement with our experimental results for three different separation distances. This means that the above theoretical model captures well what happens in the MgO insulating junction.
In conclusion, we demonstrate the spin accumulation signal enhancement in the Cu/MgO/Py lateral spin valve structure by increasing the thickness of the MgO layer, i.e., the interface resistance between Cu and Py. The spin accumulation signal increases as the interface resistance increases. It can be enhanced by a factor of ten compared with that with the Ohmic junction. The spin diffusion length of Cu reaches 1.3 m which is two times larger than that of Ag reported in ref. 13 . When the interface resistance goes beyond 3:0 Â 10 À1 (m) 2 , the spin signal exponentially decreases. This rapid decrease in the spin accumulation signal is due to a large reduction of the spin polarization in the interface layer. The spin signal enhancement using a relatively thin MgO junction opens a new way to materialize future spintronic devices driven by pure spin currents. 
